Summary. Factor VIII (FVIII) is a multidomain blood plasma glycoprotein. Activated FVIII acts as a cofactor to the serine protease factor IXa within the membranebound tenase complex assembled on the activated platelet surface. Defect or deficiency in FVIII causes haemophilia A, a severe hereditary bleeding disorder. Intravenous administration of plasma-derived FVIII or recombinant FVIII concentrates restores normal coagulation in haemophilia A patients and is used as an effective therapy. In this work, we studied the biophysical properties of clinically potent recombinant FVIII forms: human FVIII full-length (FVIII-FL), human FVIII Bdomain deleted (FVIII-BDD) and porcine FVIII-BDD bound to negatively charged phospholipid vesicles at near-physiological conditions. We used cryo-electron microscopy (Cryo-EM) as a direct method to evaluate the homogeneity and micro-organization of the proteinvesicle suspensions, which are important for FVIII therapeutic properties. Applying concurrent Cryo-EM, circular dichroism and dynamic light scattering studies to the three recombinant FVIII forms when bound to phospholipid vesicles revealed novel properties for their functional, membrane-bound state. The three FVIII constructs have similar activity, secondary structure distribution and bind specifically to negatively charged phospholipid membranes. Human and porcine FVIII-BDD induce strong aggregation of the vesicles, but the human FVIII-FL form does not. The proposed methodology is effective in characterizing and identifying differences in therapeutic recombinant FVIII membranebound forms near physiological conditions, because protein-containing aggregates are considered to be a factor in increasing the immunogenicity of protein therapeutics. This will provide better characterization and development of safer and more effective FVIII products with implications for haemophilia A treatment.
Introduction
Haemophilia A is a hereditary X-chromosome linked bleeding disorder due to defective or deficient factor VIII (FVIII), affecting 1 in 5000 males [1] . Human FVIII is expressed as a 2332 amino acid residues single-chain glycoprotein of~280 kDa, comprising three A, two C and one B-domain, aligned from the N terminus as: A1-A2-B-A3-C1-C2 (Fig. 1a) [2, 3] . The A domains are homologous to each other, to the A domains of factor V (FV) (~40% sequence identity) and the copper-binding plasma protein ceruloplasmin (~30% sequence identity) [4, 5] . The C domains are part of the lipid-binding discoidin family and sharẽ 35% sequence identity with the C domains of FV. The B-domain is heavily glycosylated and has no known homologues [5] . In solution, plasma-derived FVIII exists as a mixture of heterodimers of a variable-length heavy chain (HC: A1-A2-B) of 90-200 kDa due to fully or partially removed B-domain by limited proteolysis and a constant length light chain (LC: A3-C1-C2) of 80 kDa. The LC and HC are non-covalently bound via metal ions ( Fig. 1) [6] . Activated FVIII (FVIIIa) is a cofactor to the serine protease FIXa. Binding of FVIIIa to FIXa onto the activated platelet surface rich in phosphatidylserine (PS) amplifies FIXa proteolytic activity more than 100 000 times, which is necessary for efficient thrombin generation and blood clot formation [7, 8] . Both FVIII and FVIIIa bind to PS-rich phospholipid membranes in vitro. This property of FVIII is fundamental to its function and to its use as an intravenous drug for haemophilia A [8] . The presence of phospholipids also stabilizes FVIII in solution by increasing its halflife time [9, 10] . One of the most effective therapies for haemophilia A is lifelong administration of recombinant human FVIII expressed in mammalian cells without or with parts of the B-domain [11] . The Bdomain is dispensable for FVIII procoagulant activity and FVIII-BDD expresses at a higher yield (20-fold) [12, 13] . A significant complication of this therapy is the development of inhibitory antibodies to FVIII affecting approximately 30% of haemophilia A patients [14] . Porcine FVIII (pFVIII) concentrate has been used in FVIII inhibitor patients, as pFVIII displays low cross-reactivity with inhibitory antibodies against hFVIII and forms functional complexes with human FIXa [15, 16] . Recombinant porcine FVIII-BDD currently is undergoing clinical trials in FVIII inhibitor patients [17] . In addition to antigenic differences, pFVIII has important functional differences from hFVIII. It is more stable in activated form and is expressed at significantly higher levels than hFVIII-BDD [18] [19] [20] . Although a 4 A, low-resolution X-ray crystal structure of hFVIII-BDD has been published [21, 22] ; no structural information is available for pFVIII.
In this study, we have used cryo-electron microscopy (Cryo-EM), circular dichroism (CD) and dynamic light scattering (DLS) to compare hFVIII-FL, hFVIII-BDD and pFVIII-BDD when free in solution and when bound to phospholipid membranes. We found that, in contrast to hFVIII-FL, hFVIII-BDD and pFVIII form large protein-phospholipid vesicle aggregates, which may contribute to the immunogenicity of FVIII.
Material and methods

FVIII sample preparation
Recombinant hFVIII-FL (Kogenate FS; gift from Bayer Corporation, Berkeley, CA, USA). B-domain deleted human FVIII [23] and porcine FVIII (OL) were expressed in BHK-derived cells and purified as previously described [19] . All proteins were buffer exchanged and concentrated against 20 mM HEPES buffer at pH 7.4 containing 150 mM NaCl and 5 mM CaCl 2 through 0.22 lm Millex â GP filter (Millipore, Carrigtwohill, Co. Cork, Ireland) to 2.7 mg mL À1 for the hFVIII-FL and pFVIII-BDD and to 0.7 mg mL À1 for the hFVIII-BDD. The protein concentration was monitored with Nanodrop Spectrophotometer ND-1000 (Thermo Fisher Sci Inc, Waltham, MA, USA) and calculated based on the molar absorption coefficient at 280 and 320 nm [24] . Samples were prepared in identical solution conditions and protein to lipid ratios for each of the Cryo-EM, CD, DLS and thrombin generation experiments.
SDS-polyacrylamide gel electrophoresis [25] Ready Gel â Tris-HCl Gels (4-15%) (Bio-Rad, Hercules, CA, USA) were run according to standard protocols [26] . The gels were stained with GelCode â Blue Stain Reagent (Thermo Scientific, Waltham, MA, USA) and destained with water.
Phospholipid vesicle preparation
PS-containing phosphatidylcholine (PC) vesicles were obtained by mixing PC and PS at a 3:1 (w/w) ratio in CHCl 3 (Fisher Scientific, Fair Lawn, NJ, USA). The solvent was evaporated under argon and the lipids solubilized to final concentrations of 1 and 2 mg mL À1 in 20 mM HEPES, pH 7.4 containing 150 mM NaCl. The lipid emulsion was extruded several times through a 50-nm polycarbonate membrane filter with LIPOSO-FAST-Basic extruder (Glen Creston Ltd, London, UK). The vesicles were stored at 4°C. The 1 mg mL À1 solution was used for control and the 2 mg mL À1 solution for the protein with vesicle experiments, where the protein and vesicles are mixed at a 1:1 (w/w) ratio.
Thrombin generation assay
Thrombin generation was measured with the Calibrated Automated Thrombogram â System (Diagnostica Stago Inc, Parsippany, NJ, USA) based on Fluoroskan Ascent Analyzer (390 nm excitation, 460 nm emission wavelengths; Thermolabsystems Oy, Helsinki, Finland) [27] . FVIII-deficient plasma (George King Bio-Medical Inc, Overland Park, KS, USA) and normal plasma (Diagnostica Stago Inc) were used as negative and positive controls, respectively. All reagents -PPP Reagent Low, Thrombin Calibrator and FluCa (Fluo-substrate + Fluo-buffer containing Ca 2+ ) -were from CAT assay kits (Thrombinoscope BV, Maastricht, the Netherlands) supplied with a Calibrated Automated Thrombogram â System. The thrombin generation reaction was started by FluCa reagent; in the presence of PPP Reagent Low (1 pM tissue factor and 4 lM phospholipids final plasma concentration), designed to increase sensitivity to factors VIII, IX and XI. Collection and calculation of thrombin activity data were carried out with the Thrombinoscope â software [27] .
Circular dichroism
The concentration of hFVIII-FL and pFVIII-BDD proteins in HBS-Ca 2+ buffer was 1.2 mg mL À1 and for hFVIII-BDD was 0.3 mg mL À1 . The protein and vesicle samples were mixed at 1:1 (w/w) ratio. CD spectra were acquired with a JASCO-815 CD spectrometer (Easton, MD, USA) in the 180-260 nm range calibrated with d-10 camphor sulphonic acid over the 260-180 nm range. Measurements were carried out in a 0.1 mm path length quartz cuvette under constant nitrogen stream and at room temperature (21°C). Data were collected in continuous scan mode with pitch of 0.1 nm, speed of 50 nm min À1 and response time of 2 s. Each spectrum is the average of three accumulations and a bandwidth of 2 nm. Control spectra were recorded for the buffer and the PS-vesicles at the same conditions as for the samples. CD spectra of the protein in the presence and absence of PS-vesicles were calculated with the Jasco-815 software by subtracting the spectra of buffer and proteinfree vesicles from the protein and protein + vesicle samples respectively.
Dynamic light scattering
All DLS measurements were carried out with a Zetasizer lV particle analyzer (Malvern Instruments Ltd, Worcester, UK) in a 2-lL volume quartz cuvette, at a light-scattering detection angle of 90°and room temperature (21°C). Each recorded measurement was obtained from 10 consecutive measurements averaged by the Zetasizer Software v6.30. The final particle size and mass distribution were compiled by averaging the data from three independent measurements for the free proteins and vesicles in solution and two independent measurements for the protein bound to vesicle samples.
Cryo-electron microscopy
Cryo-EM samples were prepared by applying 2 lL vesicles and FVIII + vesicle samples onto carbon-coated hydrophilic electron microscopy lacey grids (300 meshes; Ted Pella, Inc., Redding, CA, USA). The excess liquid was blotted and the grids quickly plunged (~2000°C/s) into liquid ethane cooled down by liquid nitrogen to obtain amorphous ice in a Vitrobot Mark IV (FEI, Millsboro, OR, USA). The grids were transferred and observed at liquid nitrogen temperature (À184°C) in a 200 kV JEM2100-LaB6 transmission electron microscope (JEOL Ltd., Tokyo, Japan). Digital micrographs were recorded on a 4096 9 4096 pixel CCD camera (US4000, 15 microns/pixel resolution, Gatan, Inc., Pleasanton, CA, USA) at low electron dose conditions (~16 electrons/ A 2 ), at liquid nitrogen temperature and a final magnification of 52 0009.
Results
FVIII purification and characterization
Human FVIII-FL showed multiple bands on the SDS gels for the HC corresponding to different length of the B-domain with a predominant band of~200 kDa, including a full size B-domain. Both FVIII-BDD forms consist of a LC of~80 kDa and a HC of~90 kDa (Fig. 1b) . A single band, more pronounced for the pFVIII-BDD and corresponding to the FVIII-BDD-SC of~170 kDa, was also resolved [19] (Fig. 1b) .
The FVIII activity was estimated with the CAT test [27] (Fig. 2, Table 1 ). The maximum level of active thrombin generated is the same for the three FVIII forms (Fig. 2) . The total amount of thrombin generated during the test (clustered in the 920-1060 nM 9 min) is reflected by the endogenous thrombin potential (ETP). These results indicate that the efficiency of clot formation for all FVIII forms is similar to that for normal plasma and all proteins characterized in this work are fully functional and intact (Table 1) .
Circular dichroism
Far UV-CD spectra were measured at closest to physiological conditions: 10 mM HEPES, 150 mM NaCl, 2.5 mM CaCl 2 , pH 7.4 and room temperature (21°C). The spectra for the hFVIII-FL and pFVIII-BDD are almost identical in the 220-260 range and similar in the 180-220 nm range (Fig. 3a) . The broader minimum for the hFVIII-FL form is due to the presence of partial or full B-domain in the HC leading to a population of variable mass FVIII-FL heterodimers, whereas the FVIII-BDD heterodimers are of constant mass and composition (Fig. 1b) . This difference was not observed for the FVIII-BDD forms. The similarities in the far UV-CD spectra and secondary structure distribution between the hFVIII-FL and hFVIII-BDD show that the human B-domain is highly disordered and has little to no effect on the overall FVIII secondary structure in solution ( Table 2 ). There are no consistent changes in the CD spectra for the proteins in solution and when bound to PS-vesicles, showing that there are no detectable secondary structure changes upon membrane binding (Fig. 3a) . The calculated secondary structure distribution showed a predominant b-strand content of 36-39% and a low a-helical content of~4-6%. The distribution was not altered for the protein + vesicle samples and corresponds to the one calculated from the X-ray structure [21] (Table 2) .
A homology model for the pFVIII-BDD was built as a template with the hFVIII-BDD crystal structure containing 1261 resolved atoms (3CDZ at 3.98 A), (Fig. 3b) . Because of the high-sequence homology between the two proteins (86%), each amino acid residue in the hFVIII-BDD sequence was mutated to the corresponding amino acid residue in the pFVIII-BDD sequence with the COOT software [28] , using the electron density map calculated for the hFVIII-BDD structure (3CDZ) as a restraint [21] . For this purpose, the hFVIII-BDD (FL, uniprot: P00451) and pFVIII-BDD (FL, uniprot: P12263) amino acid sequences were first aligned (Fig. 1c) . The C2 domain electron density map from the higher resolution C2 crystal structure (3HNB [29] at 1.7 A) was used instead of the C2 density map from the 3CDZ crystal structure. Each mutated amino acid side chain was fit according to the highest probability geometry and least clashes with surrounding amino-acid side chains and backbone atoms (Fig. 4b) . The pFVIII-BDD homology structure was validated in MolProbity [30] .
Dynamic light scattering
Dynamic light scattering studies were carried out for all three FVIII forms in solution and were attached to Data are represented as mean AE SD of three independent experiments. Lt, lag time; ETP, endogenous thrombin potential; Peak, peak height; TP, time to peak. Fig. 2 . Activity of FVIII measured as Thrombin generation upon activation of coagulation. Typical FVIII thrombograms for FVIII deficient plasma (0), control blood plasma (1), hFVIII-FL (2), hFVIII-BDD (3) and pFVIII-BDD (4). Each curve is calculated from three independent experiments. The concentration of the recombinant FVIII proteins is two times higher than the FVIII in the normal blood plasma (1 mg mL À1 ,~150 lg mL À1 ).
PS-vesicles using the same solution conditions as for the CD and Cryo-EM experiments. The average radius of 6 nm, calculated for the human and porcine FVIII-BDD in solution corresponds to the molecular mass of the FVIII-BDD heterodimer~170 kDa. For the FVIII-FL in solution, the calculated average radius of 9 nm also corresponds to the molecular mass of the predominant hFVIII-FL heterodimer of~200 kDa. A small fraction of aggregated protein was observed corresponding roughly to the size of three FVIII-FL molecules. The FVIII-BDD forms remained very homogeneous and monodispersed over time ( Table 3 ). The PS-vesicles in solution were equally distributed in two populations with radius of~50 and~164 nm, corresponding to the size of the vesicles observed by Cryo-EM (Table 3 , Fig. 4a ). Upon adding FVIII-BDD to the PS-vesicles, rapid aggregation was observed, which culminated within the first 30 min (Fig. 4c,d ). In the absence of PSvesicles, the FVIII-FL and FVIII-BDD forms did not aggregate in the same solution conditions. Likewise, the PS-vesicles did not show a tendency to aggregate in the absence of FVIII-BDD (Fig. 4a) .
Cryo-electron microscopy
Cryo-EM digital micrographs were collected for the control PS-vesicles and the FVIII+vesicle samples at the same conditions as for the CD experiments (Fig. 4) . A well-defined membrane bilayer ( Fig. 4a ) with a thickness of 4.5 nm corresponding to the known thickness of a standard phospholipid bilayer was observed for the 'naked' vesicles ( Fig. 5a -histogram) . The FVIII-FL+vesicle sample showed welldefined vesicles with tightly packed protein molecules bound at the membrane surface (Fig. 4b) . Both human and porcine FVIII-BDD+vesicle samples showed large protein-lipid aggregates with well-defined membranebound FVIII-BDD molecules at the extremities (Fig. 4c,d ). The height of the membrane-bound protein molecules was calculated at 9.6 nm for all three FVIII forms ( Fig. 5b-d: histograms) . To better illustrate the organization of the membrane-bound FVIII molecules observed by Cryo-EM, magnified 2D projection maps (100 9 90 pixels at 5.8 A/pixel) were created and cropped in UCSF-Chimera software [31] . The densities corresponding to one FVIII molecules in these maps were delineated showing the orientation of the FVIII-FL and FVIII-BDD molecules bound to the phospholipids membrane (Fig. 5b-d : third row). No clear difference was observed between the densities for the human and porcine FVIII-BDD heterodimers (Fig. 5, first row) . However, there was a consistent difference in the packing between the hFVIII-FL and the FVIIII-BDD forms (Fig. 5, third row) . The wider arrangement of the membrane-bound hFVIII-FL molecules, as well as the additional densities observed between the membrane-bound molecules was attributed to the presence of the B-domain's parts attached to the FVIII-HC (Fig. 5b) .
Discussion
Comparison of the far UV CD spectra of pFVIII-BDD and hFVIII-BDD confirm that the similarity between the human and porcine FVIII primary sequences (86%) extends to a similarity in the secondary and tertiary structures (Fig. 3b) . From 224 different amino acids residues, between the human and porcine FVIII-BDD (16% difference in sequence homology), approximately 112 residues (50%) resolved from the hFVIII-BDD crystal structure are located at the protein surface, seven of which at the A2-A3 face supporting the B-domain in the FVIII-FL form (Fig. 3b) . The distribution of the amino acid residues, which differs between the human and porcine FVIII-BDD forms explains the similar CD spectra and behaviour upon binding to the PS-vesicles. Binding of both human and porcine FVIII-BDD to PS-vesicles results in fast aggregation of the FVIII-coated vesicles at the concentrations required for the CD and Cryo-EM experiments (~1 mg mL
À1
). The far UV-CD spectra show that this pronounced aggregation is not due to degradation and denaturation of the proteins, or by any detectable change in the secondary structure. In this case, the observed aggregation appear to be solely due to Table 3 . Dynamic light scattering of pFVIII-BDD, hFVIII-FL and hFVIII-BDD in solution and bound to PS-vesicles [36] . The size of the particles is shown as mean radius and the polydispersity as a standard deviation (SD). The size distribution by mass represents the distribution of particles according to their mass relative to the total mass of the particles. changes in the surface properties of the fully coated FVIII-BDD vesicles, which have a more hydrophobic surface than the uncoated ones. As this effect is not observed for the FVIII-FL, we can conclude that the presence of the whole or part of the B-domain modifies the membrane-bound FVIII face parallel to the membrane surface, preventing the protein induced PS-vesicle aggregation. This is confirmed by the Cryo-EM micrographs that show well-defined FVIII-BDD molecules at the extremity of the aggregates, where the sample is transparent to the electron beam (Fig. 4) . The presence of protein aggregates is considered a risk factor for increasing the immunogenicity of therapeutic proteins [32] . A variety of methods are used for testing for protein aggregates are used in the pharmaceutical industry and new methods continue to emerge. FVIII-containing lipid aggregates potentially could form in presence of detergent micelles present as stabilizers in FVIII products or phospholipid microparticles derived from the cells used to produce FVIII during manufacture. Although the immunogenicity of hFVIII-FL and hFVIII-BDD has not been compared in randomized clinical trials, independent prospective studies have not suggested a large difference. However, as new FVIII-BDD products enter clinical testing, differences in formulation could influence immunogenicity. Our study describes novel methods to identify FVIII-phospholipid aggregates that potentially can be applied to the FVIII manufacturing process. The FVIII-BDD membrane-bound molecules are oriented the same way as the FVIII-FL membrane-bound molecules viewed in a direction parallel to the membrane surface. The wider arrangements of the FVIII molecules and observed extra densities at the extremity of the protein layer suggest that the B-domains which are part of the FVIII-FL heterodimer, disrupt the alignment of the A2-A3 domains face parallel to the membrane surface, rendering the FVIII coated PSvesicles less hydrophobic and preventing aggregation (Fig. 5) .
Cryo-EM is capable of giving direct structural information at subnanometer resolution for fully hydrated samples and close to physiological conditions. Therefore, it is well-suited to study the nature of the FVIII membrane binding and its effect on the PS-vesicle aggregation, and offers a direct visualization of the membrane-bound FVIII molecules in a functional state. The negative charge of the PS prevents the vesicle aggregation not coated with FVIII. Adding either human or porcine FVIII-BDD masks this charge and promotes aggregation of the FVIII-BDD coated vesicles. The hydrophobicity of the protein-coated vesicle surface is further increased by the close proximity and alignment of the adjacent FVIII molecules. This alignment is disturbed in the case of FVIII-FL by the presence of the B-domain, which protrudes from the FVIII face parallel to the membrane surface at the A2-A3 domains level. Because of the random orientation of the protein molecules, FVIII-BDD does not aggregate in solution, when PS-vesicles are not present. The same height of 9.6 nm measured from the Cryo-EM micrographs for all membrane-bound FVIII molecules (Fig. 5 , second row) corresponds to the previously published value for plasma-derived hFVIII organized in membrane-bound 2D crystals [33] . The projected density of the membrane-bound FVIII molecules in the direction parallel to the membrane surface also corresponds to the projected volume in the same direction calculated for the highly homologous membrane-bound factor Va from electron microscopy data [34] .
Conclusions
The structural characterization of therapeutic proteins is important for quality control and product release of commercial material. In this study, we have described novel, potentially commercially applicable methods to characterize hFVIII-BDD, hFVIII-FL and pFVIII-BDD both free in solution and in membrane-bound form. Additionally, the membrane binding properties of FVIII are important for its function. The methods of analysis of membrane bound FVIII described in this study could be useful in the future characterization of novel FVIII products designed for improved safety and efficacy.
